Introduction
============

Aneurysmal subarachnoid hemorrhage (SAH) is a life-threatening neurological insult that is characterized by bleeding into the subarachnoid space that is caused by a ruptured aneurysm, and accounts for 5% of all stroke cases ([@b1-etm-0-0-8510]). Previous epidemiological studies have revealed that early brain injury (EBI) is the most important stage for determining outcome and survival, which begins at the point of aneurysmal rupture and extends into the first 72 h following SAH. Increases in arterial blood pressure and intracranial pressure, and decreases in cerebral blood flow, cerebral perfusion pressure and oxygen tension are observed in EBI ([@b2-etm-0-0-8510]). Cerebral inflammation, oxidative stress and neuronal apoptosis are involved in the pathogenesis of EBI following SAH ([@b1-etm-0-0-8510],[@b2-etm-0-0-8510],[@b5-etm-0-0-8510],[@b6-etm-0-0-8510]). Previous clinical studies reported that the 120, 145 and 150 kDa fragments of the 280 kDa neuronal cytoskeletal protein α-II spectrin are elevated in the cerebrospinal fluid of patients with SAH, and revealed that these fragments are potential biomarkers for the severity of aneurysmal SAH ([@b7-etm-0-0-8510]). A previous experimental SAH study also reported that α-II spectrin fragments were elevated in a rat SAH model ([@b11-etm-0-0-8510]). Calpain may cleave cytoskeletal α-II spectrin, and the 145 and 150 kDa fragments are widely used as a marker for calpain activation ([@b12-etm-0-0-8510]). Previous studies have demonstrated that calpain activity was elevated following the induction of experimental SAH ([@b11-etm-0-0-8510],[@b13-etm-0-0-8510]), which was associated with neuronal apoptosis and poor outcomes, raising the possibility that blocking calpain activation may protect against brain injury following SAH.

Calpain belongs to a family of cysteine proteases, which are widely distributed in cells. There are two main forms of ubiquitously expressed calpains: Calpain 1 (µ-calpain) and calpain 2 (m-calpain) ([@b14-etm-0-0-8510]). The activities of calpain 1 and 2 are upregulated by calcium and downregulated by the endogenous inhibitor calpastatin, which is involved in the regulation of receptors, kinases and transcription factors ([@b15-etm-0-0-8510]). A previous study reported that the systemic administration of the relatively selective calpain inhibitor II reduced a number of the pathophysiological consequences of SAH in a rat model of SAH ([@b16-etm-0-0-8510]). A recent study reported that the synthetic calpain inhibitor calpeptin reduced neurobehavioral deficits and neuronal apoptosis in a rat SAH model ([@b13-etm-0-0-8510]). The calpastatin peptide is a 27 amino acid section of exon 1B of human calpastatin, which functions as a selective inhibitor of calpain 1 and 2([@b17-etm-0-0-8510]). However, the effects of the calpastatin peptide on EBI following SAH and the underlying mechanism, to the best of our knowledge, have not yet been reported.

The present study aimed to investigate the potential function of the calpastatin peptide on neurological deficit, brain edema, the blood-brain barrier (BBB) and cortical apoptosis following SAH in rats.

Materials and methods
=====================

### Animals and experimental design

A total of 130 adult male Sprague Dawley rats, (age, 12-weeks; weight, 280-330 g; Experimental Animal Center of Tongji University, Shanghai, China) were housed at 25±2˚C, humidity (60±5%), with a 12 light/dark cycle and with free access to food and water throughout the experiment. The Animal Care and Use Committee of Tongji University ethically approved all experimental procedures and the procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals ([@b18-etm-0-0-8510]).

To determine the level of the calpastatin peptide, calpain 1 and calpain 2 over time, 24 rats were divided into 0, 6, 12 and 24 h groups following SAH, and a sample of the left basal cortex of the brain was obtained and analyzed using western blotting (n=6 per group). Next, 100 rats were divided into a sham group (n=24), a SAH + calpastatin peptide negative control (CPN) group (n=40) and a SAH + calpastatin peptide (CP) group (n=36). All rats were sacrificed at 72 h after SAH, subsequent to neurological assessment, following which the brain water content (n=6), the BBB permeability (n=6), calpain activity and western blotting (n=6) and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining (n=6) were assessed.

### SAH model and grade

The rat SAH model was created using the endovascular perforation method following previously described procedures ([@b19-etm-0-0-8510],[@b20-etm-0-0-8510]). In brief, rats were anesthetized with 40 mg/kg pentobarbital (intraperitoneal). The left carotid artery was dissected, at its branches a sharpened 4-0 nylon suture was introduced into the left internal carotid artery until resistance was felt, then the suture was advanced 3 mm to perforate the bifurcation of the anterior and middle cerebral artery following withdrawal. In the sham-operated group, a similar procedure was performed without perforation.

The severity of SAH was scored using the SAH grading scale as previously described ([@b19-etm-0-0-8510]). Rats were anesthetized as aforementioned and the brains were quickly removed. The bases of the brains were photographed and six segments of the basal cistern base were administered a grade from 0 to 3 (0, no SAH; 1, minimal subarachnoid blood; 2, mediocre blood with visible arteries; 3, blood clots covering all arteries). The SAH grade was calculated as the sum of the six scores from the six segments.

### Calpastatin peptide injection

Intracerebroventricular administration of the calpastatin peptide \[50 µg in 5 µl phosphate buffered saline (PBS); Merck KGaA, Darmstadt, Germany\] or the calpastatin peptide negative control (50 µg in 5 µl PBS; Merck KGaA) was performed at 30 min after surgery in the SAH model as previously described ([@b21-etm-0-0-8510]). Briefly, rats were placed in stereotaxic apparatus and a midline incision in the scalp was created to expose the bregma and skull. A 30-gauge needle attached to a syringe was injected into the right ventricle (1.5 mm posterior, 1.0 mm lateral, 3.6 mm ventral to the bregma) through a 1 mm burr hole. The peptide was injected at a rate of 0.5 µl/min. The syringe was slowly withdrawn following 10 min. Finally, the hole was sealed with bone wax and the incision was sutured.

### Determination of calpain activity

Calpain activity was measured using the Calpain Activity Assay kit (Abcam, Cambridge, UK), according to the manufacturer\'s protocol. Briefly, rats were anesthetized as aforementioned at 72 h after SAH and the cerebral cortex tissue was harvested on ice. In total, 20 mg tissue was washed in ice-cold PBS, homogenized in 100 µl extraction buffer and then centrifuged at 1,000 x g for 10 min at 4˚C. The protein concentration of the collected supernatant was measured using a bicinchoninic (BCA) protein assay. The samples, positive control (1 µl active calpain) and negative control (1 µl calpain inhibitor) were adjusted to 85 µl/well using extraction buffer. Then 10 µl 10X reaction buffer was added, and subsequently 5 µl calpain substrate was added to each well and the reaction was incubated at 37˚C for 60 min in the dark. Florescence was measured using a microplate reader (excitation/emission =400/505 nm). The relative fluorescence unit/mg tissue of each sample was calculated.

### Mortality rate, body weight and neurological score

The mortality rate and body weight of the rats was observed at 72 h after SAH. Neurological function was evaluated at 72 h with the modified Garcia test as previously described ([@b19-etm-0-0-8510],[@b20-etm-0-0-8510]). The rats were scored from 0 to 3 in six tests (spontaneous movement of four limbs, spontaneous activity, forelimbs outstretching, body proprioception, vibrissa touch and climbing capacity). The neurological score was calculated as the sum of the six tests.

### Measurement of brain water content

Rats were anesthetized at 72 h after SAH as aforementioned. The brains were obtained, divided into the left and right hemispheres, cerebellum and brain stem, and weighed immediately (wet weight), then dried at 100˚C for 3 days to determine the dry weight. The percentage water content was calculated as (wet weight-dry weight)/wet weight x100%.

### BBB permeability

The permeability of the BBB was assessed using Evans blue extravasation as previously reported ([@b22-etm-0-0-8510],[@b23-etm-0-0-8510]). Briefly, rats were anesthetized with 40 mg/kg pentobarbital (intraperitoneal) at 71 h after SAH and 2% Evans Blue dye (5 ml/kg) was injected into the right femoral vein. After 1 h, the rats were intracardially perfused with 100 ml PBS and the brain was split into the right and left hemispheres, cerebellum and brain stem. Then the samples were weighed and homogenized in 50% trichloroacetic acid and centrifuged at 1,000 x g for 10 min at room temperature. Following centrifugation, 1 ml supernatant was mixed with 1 ml trichloroacetic acid and ethanol (1:3), and incubated overnight at room temperature. Following centrifugation (1,000 x g for 10 min at room temperature), the supernatant was analyzed using spectrofluorophotometry (excitation=620 nm, emission=680 nm). The Evans blue content is presented as µg/g.

### Western blotting

Western blotting was performed as previously reported ([@b20-etm-0-0-8510]). In brief, the rats were anesthetized as aforementioned following SAH. The brains were removed and a sample of the left basal cortex was obtained and homogenized in RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China). The protein concentration was determined using a BCA protein assay. In total, 40 µg protein of each sample was loaded onto 12% SDS PAGE gels. The samples were separated and transferred onto nitrocellulose membranes. The membranes were blocked in 5% non-fat milk for 60 min at room temperature and incubated at 4˚C overnight with the following primary antibodies: anti-calpastatin (1:1,000; cat. no. ab28252; Abcam), anti-calpain 1 (1:1,000; cat. no. ab28258; Abcam), anti-calpain 2 (1:1,000; cat no. ab39165; Abcam), anti-Bax (1:1,000; cat. no. 2772; Cell Signaling Technology, Inc., Danvers, MA, USA) anti-cytochrome c (1:1,000; cat. no. 11940; Cell Signaling Technology, Inc.), anti-cleaved caspase-3 (1:1,000; cat. no. 9661; Cell Signaling Technology, Inc.) and anti-β-actin (1:1,000; cat. no. 4970; Cell Signaling Technology, Inc.). The membranes were then incubated with an anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:3,000; cat. no. 7074; Cell Signaling Technology, Inc.) for 2 h at room temperature. Protein bands were visualized using an ECL regent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with a ChemiDoc™ MP Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and were quantified by densitometry using Image J software (version 1.41, National Institutes of Health, Bethesda, MD, USA).

### TUNEL staining

Rats were anesthetized at 72 h after SAH and intracardially perfused with 100 ml PBS followed by 100 ml 4% paraformaldehyde (PFA)/PBS. The brains were removed and immersed in 4% PFA/PBS at 4˚C for 48 h. The brains were then dehydrated in 30% sucrose/PBS for 72 h. The brains were frozen in tissue-freezing media and sliced into 8 µm sections. A TUNEL staining kit (*In Situ* Cell Death Detection kit, fluorescein; cat. no. 11684795910; Roche Diagnostics GmbH, Mannheim, Germany) was used to detect cell death in the left basal cortical tissue according to the manufacturer\'s protocol. Sections (8 µm) were fixed with 4% PFA in PBS for 30 min at room temperature and permeabilized with 0.1% TritonX-100 for 5 min at room temperature. TUNEL reaction mixture (50 µl; enzyme solution: Label solution, 1:9) was added to the section for 60 min at 37˚C. The slides were then viewed with a fluorescence microscope at x400 magnification. The number of TUNEL positive cells were determined in six sections per brain and averaged per mm^2^.

### Statistical analysis

Data are presented as the mean ± standard deviation. Statistical analysis was performed using a one-way analysis of variance followed by Tukey\'s test using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### SAH induces a decrease in the level of calpastatin and increases the levels of calpain 1 and 2

In order to examine the levels of calpastatin and calpain following SAH, the basal cortex was dissected for western blotting at 0, 6, 12 and 24 h following SAH. The results revealed that the level of calpastatin significantly decreased in the basal cortex, while the levels of calpain 1 and calpain 2 significantly increased at 6, 12 and 24 h after SAH, compared with the sham group (P\<0.05; [Fig. 1A](#f1-etm-0-0-8510){ref-type="fig"} and [B](#f1-etm-0-0-8510){ref-type="fig"}). Furthermore, the ratio of calpastatin/calpain 1 or 2 significantly decreased following SAH compared with the sham group (P\<0.05; [Fig. 1C](#f1-etm-0-0-8510){ref-type="fig"} and [D](#f1-etm-0-0-8510){ref-type="fig"}).

### Calpastatin peptide improves the neurological deficit following SAH

At 72 h following SAH, the mortality rate in the sham group was 0% (0 of 24 rats), the mortality rate in the SAH + CPN group was 40.0% (16 of 40 rats) and the mortality rate in the SAH + CP group was 33.3% (12 of 36 rats). The SAH grading scores of three groups were assessed at 72 h after SAH, and no significant difference was observed between the SAH + CPN group and the SAH + CP group ([Fig. 2A](#f2-etm-0-0-8510){ref-type="fig"} and [B](#f2-etm-0-0-8510){ref-type="fig"}). The body weight loss of the three groups was calculated at 72 h after SAH. The calpastatin peptide significantly reduced body weight loss in the SAH + CP group compared with the SAH + CPN group (P\<0.05; [Fig. 2C](#f2-etm-0-0-8510){ref-type="fig"}). In comparison with the sham group, the neurological score in the modified Garcia test was significantly lower in the SAH + CPN group (P\<0.05; [Fig. 2D](#f2-etm-0-0-8510){ref-type="fig"}). However, the SAH rats treated with the calpastatin peptide exhibited a higher neurological score compared with the SAH + CPN group at 72 h after surgery (P\<0.05; [Fig. 2D](#f2-etm-0-0-8510){ref-type="fig"}).

### Calpastatin peptide inhibits calpain activity following SAH

The data revealed that calpain activity was significantly increased in the SAH + CPN group compared with the sham group (P\<0.05; [Fig. 3](#f3-etm-0-0-8510){ref-type="fig"}). However, the calpastatin peptide significantly inhibited the activity of calpain in the SAH + CP group compared with the SAH + CPN group (P\<0.05; [Fig. 3](#f3-etm-0-0-8510){ref-type="fig"}). Calpain inhibition prevented the increase in calpain activity.

### Calpastatin peptide attenuates brain edema and BBB permeability after SAH

The brain water content changed significantly at 72 h following SAH. There was a significant increase in the water content of the left and right hemispheres, and the cerebellum, in the SAH + CP group compared with the sham group (P\<0.05), but not in the water content of the brain stem ([Fig. 4A](#f4-etm-0-0-8510){ref-type="fig"}). The calpastatin peptide significantly reduced the brain water content in the left and right hemisphere compared with the SAH + CPN group (P\<0.05; [Fig. 4A](#f4-etm-0-0-8510){ref-type="fig"}). Furthermore, in comparison with the sham group, Evans blue dye extravasation into the left and right hemispheres, the cerebellum and the brain stem was significantly higher in the SAH + CPN group (P\<0.05; [Fig. 4B](#f4-etm-0-0-8510){ref-type="fig"}). However, the calpastatin peptide significantly reduced the extravasation of Evans blue dye into the left and right hemispheres compared with the SAH + CPN group (P\<0.05), but not into the cerebellum and brain stem ([Fig. 4B](#f4-etm-0-0-8510){ref-type="fig"}).

### Calpastatin peptide attenuates the level of Bax, cytochrome c, cleaved caspase-9 and cleaved caspase-3, and reduces the number of TUNEL-positive cells in the basal cortex following SAH

Next, the levels of apoptosis-associated proteins were tested following SAH subsequent to treatment with the calpastatin peptide. Western blotting revealed that the protein levels of Bax, cytochrome c, cleaved caspase-9 and cleaved caspase-3 in the basal cortex were significantly increased at 72 h in the SAH + CPN group compared with the sham group (P\<0.05; [Fig. 5A-D](#f5-etm-0-0-8510){ref-type="fig"}). The calpastatin peptide significantly reduced the protein levels of Bax, cytochrome c, cleaved caspase-9 and cleaved caspase-3 in the basal cortex compared with the SAH + CPN group (P\<0.05; Fig. 5A-D). TUNEL staining revealed that there were few TUNEL-positive cells in the sham group at 72 h after SAH ([Fig. 5E](#f5-etm-0-0-8510){ref-type="fig"}). In comparison with the sham group, the number of TUNEL-positive cells in the basal cortex of the SAH + CPN group was significantly higher (P\<0.05); and the number of TUNEL-positive cells was significantly attenuated by treatment with the calpastatin peptide (P\<0.05 [Fig. 4E](#f4-etm-0-0-8510){ref-type="fig"}).

Discussion
==========

Under physiological conditions, calpain 1 and 2 are involved in neural development, degeneration and synaptic plasticity. However, calcium overloading induces the activation of calpain 1 and 2, which has a deleterious effect on the brain ([@b14-etm-0-0-8510],[@b24-etm-0-0-8510]). Previous studies have revealed that glutamate neurotoxicity is observed in EBI following experimental SAH ([@b11-etm-0-0-8510],[@b25-etm-0-0-8510]), and that it causes an increase in the intracellular calcium concentration, predominantly through the N-methyl-D-aspartate receptor and the metabotropic glutamate receptor 1([@b28-etm-0-0-8510]), resulting in calpain activation. The western blotting results from the present study indicated that the expression of calpain 1 and 2 are increased after SAH compared with sham, which is consistent with the results of a previous study ([@b13-etm-0-0-8510]). The expression of calpastatin was decreased following SAH in the present study, which is consistent with a previous report that revealed that the expression and activity of calpastatin were significantly decreased during vasospasm in a two-hemorrhage model ([@b29-etm-0-0-8510]). These results suggested that the endogenous inhibition of calpain 1 and 2 by calpastatin is insufficient. The results of the present study revealed that calpain activity significantly increased following SAH, which is consistent with previous reports ([@b11-etm-0-0-8510],[@b13-etm-0-0-8510]).

Calpastatin is an endogenous calpain inhibitor that may be degraded by calpain and caspase-3 during apoptosis ([@b30-etm-0-0-8510]). An increase in the expression of calpastatin has been reported to have a neuroprotective effect in cerebral ischemia ([@b31-etm-0-0-8510]). In order to inhibit the activity of calpain 1 and 2, the calpastatin peptide, a 27 amino acid peptide encoded for by exon 1B of calpastatin that is potent and specific, was used. Using a rat SAH model, it was revealed that the calpastatin peptide significantly improved the neurological deficit as evaluated using the modified Garcia test (P\<0.05). This is consistent with previous reports that revealed the synthetic calpain inhibitors calpeptin and calpain inhibitor II reduced the neurobehavioral deficit ([@b13-etm-0-0-8510],[@b16-etm-0-0-8510]). The results of the present study demonstrated that calpain activity was elevated following SAH, while the calpastatin peptide significantly inhibited calpain activity (P\<0.05), suggesting that the neuroprotective effect of the calpastatin peptide may be mediated by the inhibition of calpain activity.

The dry/wet weight and Evans blue extravasation method revealed that SAH significantly increased brain edema and BBB permeability in the left and right hemispheres of the brain compared with the sham group (P\<0.05), however, the calpastatin peptide significantly inhibited this increase (P\<0.05). Further studies are required to investigate the mechanisms underlying the protective effects of the calpastatin peptide against brain edema and the disruption of the BBB, which will also be beneficial for understanding the neuroprotective effects of the calpastatin peptide following SAH. To investigate the anti-apoptotic mechanism of the calpastatin peptide, the levels of a number of apoptosis-associated proteins were assessed. SAH induced the upregulation of Bax, activated caspase-9 and caspase-3, and induced cell death, which is consistent with the results of previous studies ([@b28-etm-0-0-8510],[@b32-etm-0-0-8510],[@b33-etm-0-0-8510]). The elevated levels of Bax caused an increase in the permeability of the mitochondrial membrane, which resulted in the release of cytochrome c, activating caspase-9 and caspase-3. In the present study, the levels of Bax, cytochrome c, cleaved caspase-9 and cleaved caspase-3 were significantly increased following SAH compared with the sham group (P\<0.05), however, treatment with the calpastatin peptide reversed the increase in expression of these apoptosis-associated proteins. Calpains serve an important role in neuronal cell death. Activated calpain 1 and 2 are able to cleave the N-terminal of Bax, creating a pro-apoptotic fragment that stimulates the release of cytochrome c ([@b34-etm-0-0-8510]) and activates caspase-12, which in turn activates caspase-9 and caspase-3 ([@b14-etm-0-0-8510],[@b35-etm-0-0-8510]). Therefore, it is speculated that the inhibition of calpain 1 and 2 by the calpastatin peptide reduces cortical apoptosis through the regulation of Bax and the caspase family.

In conclusion, based on the results of the present study, experimental SAH results in an upregulation of calpain 1 and 2, while downregulating calpastatin. Treatment with the calpastatin peptide attenuated the SAH-induced increase in calpain activity, brain water content, BBB permeability and cortical apoptosis in a rat model of SAH. The results of the present study indicated that the inhibition of calpain 1 and 2 by an exogenous calpastatin peptide protected against EBI following experimental SAH.
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![SAH induces a decrease in calpastatin, and increases the levels of calpain 1 and 2. (A) Representative western blots indicating levels of calpastatin, calpain 1 and calpain 2 following SAH in the left basal cortex (B) Quantitative levels of calpastatin, calpain 1 and calpain 2 after SAH relative to sham. (C) Ratio of capastatin to calpain 1 expression relative to sham. (D) Ratio of calpastatin to calpain 2 expression relative to sham. ^\*^P\<0.05 with comparisons shown by lines. SAH, subarachnoid hemorrhage.](etm-19-04-2433-g00){#f1-etm-0-0-8510}

![Effects of the calpastatin peptide on body weight loss and neurological deficit 72 h after SAH. (A) Representative images of rat brains from the sham, SAH + CPN and SAH + CP groups. (B) Quantification of the severity of SAH. A summary of SAH scores for the three groups is presented (n=6). (C) Body weight loss in the SAH + CPN or SAH + CP groups at 72 h after SAH (n=6). (D) Quantification of the neurological scores evaluated with the modified Garcia test in the three groups (n=12). Data are presented as the mean ± standard deviation. ^\*^P\<0.05 with comparisons shown by lines. SAH, subarachnoid hemorrhage; CP, calpastatin peptide; CPN, calpastatin peptide negative; NS, non-significant.](etm-19-04-2433-g01){#f2-etm-0-0-8510}

![Effect of the calpastatin peptide on calpain activity at 72 h after SAH. The level of calpain activity was measured in the basal cortex using a calpain cctivity assay kit 72 h after SAH in the sham, SAH + CPN and SAH + CP groups. The relative fluorescence unit/mg tissue was determined for each group, using a positive control (1 µl active calpain), negative control (1 µl calpain inhibitor) or with 1 µl calpain inhibitor. The data are presented as the mean ± standard deviation. ^\*^P\<0.05 with comparisons shown by lines (n=6). SAH, subarachnoid hemorrhage; CP, calpastatin peptide; CPN, calpastatin peptide negative; RFU, relative fluorescence unit.](etm-19-04-2433-g02){#f3-etm-0-0-8510}

![Effect of the calpastatin peptide on brain water content and blood-brain barrier permeability 72 h after SAH. (A) Quantification of brain water content and (B) quantification of Evans blue dye extraversion in the right and left hemispheres, cerebellum and brain stem from the sham, SAH + CPN and SAH + CP groups. The data are presented as the mean ± standard deviation. ^\*^P\<0.05 with comparisons shown by lines. SAH, subarachnoid hemorrhage; CP, calpastatin peptide; CPN, calpastatin peptide negative; NS, non-significant.](etm-19-04-2433-g03){#f4-etm-0-0-8510}

![Effect of the calpastatin peptide on the levels of Bax, cytochrome c, cleaved caspase-9 and cleaved caspase-3, and the number of TUNEL-positive cells at 72 h after SAH. Levels of (A) Bax, (B) cytochrome c, (C) cleaved caspase-9, (D) cleaved caspase-3 and (E) quantification of TUNEL-positive cells in the left basal cortex from the sham, SAH + CPN and SAH + CP groups. The data are presented as the mean ± standard deviation. ^\*^P\<0.05 with comparisons shown by lines. SAH, subarachnoid hemorrhage; CP, calpastatin peptide; CPN, calpastatin peptide negative; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.](etm-19-04-2433-g04){#f5-etm-0-0-8510}
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